We study the radiative decays of the Z c (3900) 0 in a hadronic molecule picture, where the Z c (3900) is treated as a DD * + c.c hadronic molecule. The partial widths of Γ(Z c (3900) 0 → γη c (2S )) and Γ(Z c (3900) 0 → γχ c0 ) are predicted to be of order 10 keV and the cross sections for σ(e + e − → π 0 Z c (3900) → π 0 γη c (2S )) and σ(e + e − → π 0 Z c (3900) → π 0 γχ c0 ) are of order 0.1 pb at 4.23 GeV, which may be accessible for the BESIII and forthcoming Belle II.
We study the radiative decays of the Z c (3900) 0 in a hadronic molecule picture, where the Z c (3900) is treated as a DD * + c.c hadronic molecule. The partial widths of Γ(Z c (3900) 0 → γη c (2S )) and Γ(Z c (3900) 0 → γχ c0 ) are predicted to be of order 10 keV and the cross sections for σ(e + e − → π 0 Z c (3900) → π 0 γη c (2S )) and σ(e + e − → π 0 Z c (3900) → π 0 γχ c0 ) are of order 0.1 pb at 4.23 GeV, which may be accessible for the BESIII and forthcoming Belle II.
PACS numbers: 14.40.Pq, 13.20.Gd, 12.39.Fe
I. INTRODUCTION
As the first confirmed charged charmoniumlike state, Z c (3900) was first reported by the BESIII [1] and Belle [2] Collaborations in the J/ψπ ± invariant mass spectrum of e + e − → π + π − J/ψ at 4.26 GeV. The CLEO Collaboration confirmed the existence of the Z c (3900) ± in the same process but at 4.17 GeV and the neutral Z c (3900) was also reported with a 3σ significance [3] . From the first observed mode of Z c (3900), i.e. the J/ψπ ± mode, one can find that the charmoniumlike state Z c (3900) contains at least four quarks. In addition, the reported mass of the Z c (3900) is close to the DD * mass threshold, which indicates this state could be a good candidate of the D * D + c.c hadronic molecule. These peculiar properties of Z c (3900) stimulate the theoreticians and experimentalists to further investigate this state.
From the experimental side, after the observation of the Z c (3900) in the J/ψπ invariant mass spectrum, more decay modes were searched for. In the h c π ± invariant mass spectrum of e + e − → h c π + π − , no evident signal of the Z c (3900) is observed and the significance of Z c (3900) is reported to be 2.1σ [4] . The neutral partner of Z c (3900)
± was recently observed with a significance of 10.4σ in the π 0 J/ψ invariant mass spectrum of e + e − → π 0 π 0 J/ψ [5] . The Born cross sections for the e + e − → π 0 π 0 J/ψ in the energy range from 4.190 to 4.42 GeV are about half of those e + e − → π + π − J/ψ, which is consistent with the isospin symmetry expectation for resonances. Besides the hidden charm mode, the BESIII Collaboration also found Z c (3900) MeV are reported to be 77 ± 13 ± 17 pb and 49 ± 9 ± 10 pb, respectively. In addition, the Compass Collaboration [9] performed the search for Z c (3900) from the exclusive photoproduction process and an upper limit for the ratio B(Z c (3900) → πJ/ψ)×σ(γN → Z c (3900)N)/σ(γN → J/ψN) of 3.7 × 10 −3 was reported at the 90% confidence level.
Since the charged Z c (3900) contains at least four quarks, Z c (3900) could be a good candidate for the tetraquark state. Since Z c (3900) is very close to another longstanding charmouniumlike state X(3872), it was considered as the charged partner of the X(3872) in a tetraquark scenario [10] . In Ref.
[11], the authors proposed two tetraquark states Z c (3752) and Z c (3885), where the latter one was close to the observed Z c (3900). The decays and the mass of the tetraquark state corresponding to Z c (3900) were estimated in Refs. [12, 13] and the spectra of tetrquark states in a potential model also supported Z c (3900) as a tetraquark state [14] . Besides the tetraquark interpretation, Z c (3900) had been predicted as the charmonium analog of the Z b (10610) and Z b (10650) with the initial single pion emission (ISPE) mechanism [15] [16] [17] . In Ref. [18] , the invariant mass distributions of πJ/ψ and
were reproduced by considering the interferences between the ISPE mechanism and dipion resonance contributions. In Ref. [19] , the observed structures of Z b and Z c were explained as pure coupled channel cusp effects other than resonances.
The observed mass of the Z c (3900) is very close to the threshold of D * D , which indicates that the Z c (3900) could be a D * D hadronic molecule state. In Refs. [20] [21] [22] , the potential of D * D had been evaluated and by solving the Schrödinger equation, and they found bound state solution for the D * D system, which corresponded well to the observed Z c (3900). The QCD sum rule calculations in Refs. [23, 24] also supported that Z c (3900) could be a deuteronlike hadronic molecule state. In Ref. [25] , the electromagnetic structure of the Z c (3900) was investigated in a D * D + c.c framework. The product and decay behaviors of Z c (3900) had been studied in a D * D hadronic molecule scenario with the Weinberg compositeness condition in Refs. [26, 27] , and the theoretical estimations were consistent with the corresponding experimental measurements. Besides the observed channels, some other decay modes of Z c (3900) have been studied in the molecule scenario, such as the ρη c , J/ψπγ [28] [29] [30] [31] . All these theoretical studies supported that Z c (3900) could be assigned as a D * D hadronic molecule state.
In this way, we study the radiative decay of the neutral Z c (3900) in a D 
where
in the hadronic molecule Z c (3900) 0 and also plays the role to render the Feynman diagrams ultraviolet finite, which indicates the Fourier transform of Φ(y) should vanish sufficiently fast in the ultraviolet region of the Euclidean space. In the present work, we adopt a Gaussian form for the correlation function, which has been widely used to study the hadronic molecule decays [26, 27, [32] [33] [34] [35] [36] [37] . The Fourier transform of the correlation functionΦ(y) is in the form,
where P E is the Jacobi momentum in Euclidean space and Λ is a parameter which characterizes the distribution of components in the hadronic molecule. The value of Λ is of order 1 GeV and dependent on a different system [26, 27, 32, [34] [35] [36] [37] .
Zc ( The coupling of the hadronic molecule Z c (3900) 0 to its components DD * + c.c can be estimated by the compositeness condition [38, 39] . For a composite particle, the renormalization constant of the particle wave function is zero, i.e.,
where Σ Z c is the transverse part of the mass operator Σ
of the hadronic molecule Z c (3900) 0 , which is is defined as,
with g
From the mass operator presented in Fig. 1 , we can get the concrete form of Σ A. The decay of Z c (3900
In the hadronic molecule picture, Z c (3900) can decay into J/ψπ by rearranging the quarks in its components. At the hadron level, Z c (3900) is treated as a bound state of DD * + c.c and the decay Z c (3900) → πJ/ψ occurs by exchanging a proper charmed meson as shown in Fig. 2 . In the present work, we estimate these triangle diagrams in an effective Lagrangian approach. Besides the Lagrangian present in Eq. (1), the couplings of the charmed mesons with pion and J/ψ are needed, which can be constructed by the heavy quark limit and chiral symmetry. The concrete form of the involved Lagrangians is [40] [41] [42] ,
where the charm meson isodoublets can be defined as
In the heavy quark limit, the coupling constants among the charmonia and charmed mesons satisfy [41, 42] ,
is a gauge coupling with f ψ to be the decay constant of a charmonium ψ. With the center values of the leptonic partial decay widths, i.e., Γ(J/ψ → e + e − ) = 5.55 ± 0.14 ± 0.02 keV and Γ(ψ(2S ) → e + e − ) = 2.36 ± 0.04 keV [43] , one can obtain f J/ψ = 416 MeV and f ψ(2S ) = 296 MeV. Considering the chiral symmetry and the heavy quark limit, the coupling constants among the charmed mesons and pion can be related to the gauge coupling g by the relations,
where f π = 132 MeV is the pion decay constant and g = 0.59 is extracted from the experimental measurement of the partial decay width of D * → Dπ [43] .
With the above preparations, we can obtain the amplitudes for Z c (3900
, which correspond to the diagrams in Fig. 2 .
The concrete forms of the amplitudes are,
The total amplitude of Z c (3900
where the factor 4 comes from the isospin and charge symmetry. After performing the loop integral in the amplitudes, the total amplitude of Z c (3900
where the coupling constants g S and g D can be estimated from the loop integral of the amplitudes. For the neutral Z c (3900), the light quarks in the meson components are the same; thus, the radiative transition to the conventional charmonium can occur via annihilating the light quarks. In the present work, we consider Z c (3900) 0 radiatively decaying into η c (1S )/η c (2S ), χ c0 and χ c1 in an effective Lagrangian approach. The involved effective Lagrangians of charmonium and charmed mesons are [40] [41] [42] 
where the coupling g η c D * D and g η c D * D * can be related to the gauge coupling g 2 by [41] ,
and the coupling related to η c (2S ) can be evaluated with the above relation by replacing the mass of η c with η c (2S ) and the mass and decay constants of J/ψ in g 2 with the corresponding values for ψ(2S ). As for the coupling constants related to χ c0 and χ c1 , in the heavy quark limit, they can be related to the gauge coupling g 1 by,
where g 1 = − m χ c0 /3/ f χ c0 and f χ c0 = 0.51 GeV is the decay constant of χ c0 [42] . For the discussed radiative decay process, we still need the effective Lagrangians for γDD and γD * D * , which can be constructed from the Lagrangians for the free scalar and massive vector fields by minimal substitution ∂ µ → ∂ µ + ieA µ , and the concrete form of the Lagrangians is [44] ,
where the neutral interactions vanish. The interaction of D * Dγ is in the form,
where With the above effective Lagrangian, we can construct the amplitudes of Z c (3900) 0 (p 0 ) → γ(p 3 )η c (p 4 ), which correspond to the diagrams in Fig. 3 . After loop integral, the amplitudes can be reduced as,
One should notice that this amplitude satisfies the gauge invariance of the photon field only when g 
With this four point effective interaction, we find that the contact diagram in Fig. 4 will also contribute to the radiative decay Z 0 c (3900) → γη c . The amplitude of the contact diagram is in the form, (19) which can be further reduced into the form [46] ,
Then the total amplitude of Z c (3900) 0 → γη c is the sum of the contributions from the triangle diagrams and contact 
which should be satisfy with the gauge invariance of the photon field and g
In our calculations, we find that the g 
where the coupling constants g Tri D can be evaluated form loop integral of the amplitudes related to the triangle diagrams in Fig. 3 . 
In the Z c (3900) 0 rest frame, we have p 0 = {m Z c , 0}, while the zero component of the photon polarization vector is zero, i.e., ǫ 
Comparing to the S wave coupling, the D wave coupling should be suppressed. In addition, the higher partial wave coupling will be important in the large momentum region, but the correlation function in the loop integral will be further suppressed in this region. Thus, we suppose, the D wave coupling in the vertexes Z c (3900)D * D and χ c1 D * D will only contribute to the term g 1 p 3µ p 
With the amplitudes in Eqs. (10), (22) , (23) and (26), we can estimate the corresponding partial decay width by,
where the overline indicates the sum over the polarization vectors of the vector particles and p f is the momentum of the final state in the Z c (3900) 0 rest frame. Considering Z c (3900) 0 as a DD * + c.c hadronic molecule, the coupling g Z c can be estimated from the compositeness condition that we presented in the last section. Here, we take several typical values of the binding energy for Z c (3900) 0 , which are 5, 10, 15 and 20 MeV. The Λ dependence of the coupling constants g Z c is presented in Fig. 6 . The coupling g Z c monotonously decreases with the increasing of Λ and in particular, taking E b = 5 MeV as an example, varying Λ from 0.5 to 1.0 GeV, we get the value for g Z c from 12.9 to 11.2 MeV. For a certain Λ, the coupling increases with the increasing of the binding energy. The partial decay width of Z c (3900) 0 → π 0 J/ψ is presented in Fig. 7 . In the discussed Λ range, the partial decay width of Z c (3900) 0 → π 0 J/ψ increases from 0.5 MeV to 2.1 MeV for E b = 5 MeV, while for E b = 20 MeV, the partial decay width can reach up to 3.2 MeV when Λ = 1.0 GeV is adopted.
III. NUMERICAL RESULTS AND DISCUSSION

Assuming the charmoniumlike states observed in
are the same state, one can obtain the ratio of the partial decay width for J/ψπ and
With the assumption that these two modes are the dominant decay modes of Z c (3900) ± and using the PDG average value of the Z c (3900) width Γ Z c (3900) = 35 ± 7 MeV [43] , one can estimate the partial decay width Γ(Z c (3900)
± → π ± J/ψ) to be 2.7 ∼ 9.8 MeV. Considering the isospin symmetry, we can get Γ(Z c (3900
Our estimation of the partial decay width for Z c (3900) → π 0 J/ψ is consistent with the experimental measurements in the discussed parameter range. We estimate the radiative decay of Z c (3900) 0 to the conventional charmonia in the DD * +c.c hadronic molecule scenario. To further reduce the parameter dependence of the radiative decay width, we define the ratio of the radiative partial decay width to the one for Z c (3900
where 0 → γχ c1 and the ratio R γχ c1 are presented in Fig. 11 . The partial width is about two orders smaller than the one for Z c (3900) 0 → γη c (1S ), which indicates Z c (3900) 0 → γχ c1 is very hard to detect.
IV. SUMMARY
As the neutral partner of Z c (3900) ± , Z c (3900) 0 can radiatively decay into conventional charmonium via annihilating the light quark and antiquark, which provides further opportunity to test different interpretations to Z c (3900). In present work, we estimated the partial widths for Z c (3900) 0 radiative decays in the hadronic molecule scenario, where Z c (3900) 0 is treated as a molecule state of DD * + c.c. Our estimations indicated that in the discussed parameter range, the partial widths for Z c (3900) 0 → γη c (2S ) and Z c (3900) 0 → γχ c0 are of order 10 keV, while the partial widths for Z c (3900) 0 → γη c and Z c (3900) 0 → γχ c1 are of order keV and less than 1 keV, respectively.
In this calculation we found the partial widths are dependent both on the parameter Λ introduced by the correlation function and the binding energy of Z c (3900) 0 . To further reduce the parameter dependence of our results, we took Z c (3900) 0 → π 0 J/ψ as a scale and estimated the ratio of the partial width of the discussed radiative decay to Z c (3900) 0 → π 0 J/ψ. The results showed that the ratios are very weakly dependent on the binding energy of Z c (3900) 0 . With the evaluated ratios R γ(cc) and measured cross section e + e − → π 0 Z c (3900) 0 → π 0 π 0 J/ψ, we roughly estimated the cross section for e + e − → π 0 Z c (3900) 0 → π 0 γ(cc), where (cc) denotes η c (1S ), η c (2S ), χ c0 or χ c1 . Our calculation showed that the cross sections for χ c1 and η c (1S ) are too small to be observed, while for η c (2S ) and χ c0 , the cross section can reach up to 0.18 and 0.36 pb, respectively, at E cm = 4.230 GeV. Experimentally, with current integrated luminosity that BESIII has accumulated at 4.23 GeV, the process e + e − → π 0 Z c (3900) 0 → π 0 γχ c0 /η c (2S ) may be searched for without the reconstruction of the χ c0 /η c (2S ) signals and with only γπ 0 identified, where γπ 0 recoil mass could be required to be within the χ c0 /η c (2S ) mass region to reduce the backgrounds and the Z c (3900) signals could be searched for in the recoil mass distribution of π 0 . Such research can also be done in the forthcoming Belle II experiment via initial state radiation.
